A protease which was activated by SDS was purified to homogeneity from maize leaves. On the basis of its proteolytic activity towards ribulose-l,5-bisphosphate carboxylase/oxygenase (Rubisco) or a synthesized peptide, the purification was carried out using immunoaffinity chromatography with a monoclonal antibody raised against a partially purified enzyme by native gradient PAGE. The purified protease showed three bands at 40,15, and 13 kDa on SDS-PAGE, indicating that it was composed of heterogeneous subunits. The protease was specifically activated by SDS (optimum =0.4% for Rubisco proteolysis), but not by poly-L-lysine, fatty acids, or ATP. The protease had a pH optimum around 4.9. /7-Mercaptoethanol stimulated the activity only in the presence of SDS. The proteolytic activity was sensitive to E-64 and leupeptin but was resistant to EDTA, suggesting that the enzyme was an SH-protease. Thus, this enzyme is a novel type of SDS-dependent protease which differs from proteasome, matrix metalloproteinase, and other proteases reported in many organisms.
SDS is an extremely effective denaturant for proteins, so that, in its presence, most proteins lose their functions completely or partially with a disruption of tertiary and quaternary structure. In plants, the presence of proteases whose activities are stimulated by SDS has been studied by examining the degradation of ribulose-l,5-bisphosphate Abbreviations: AMC, 7-amino-4-methylcoumarin; Boc, CHAPS, dimethylammonio] propanesulfonic acid; GPC, gel permeation chromatography; GuHCl, guanidine hydrochloride; LSU, large subunit of Rubisco; MAb, monoclonal antibody; MCA, 4-methylcoumaryl-7-amide; /?-ME, /S-mercaptoethanol; MMPs, matrix metalloproteinase; PBS, phosphate buffer saline; Rubisco, ribulose-1,5,-bisphosphate carboxylase/oxygenase; SSU, small subunit of Rubisco; Sue, succinyl-. carboxylase/oxygenase (Rubisco) (Thayer and Huffaker 1984 , Nettleton et al. 1985 , Bhalla and Dalling 1986 , Mae et al. 1989 , Otto and Feierabend 1994 . Proteolytic breakdown of Rubisco is important in protein turnover, since it is an abundant protein whose degradation provides carbon and nitrogen (Peterson et al. 1973 , Makino et al. 1984 , Vierstra 1993 ). Therefore, any protease which is involved in the turnover of Rubisco is of interest. In addition to this SDS-stimulated Rubisco degradation, a few peptidases which constitute a proteasome isolated from spinach leaves (Ozaki et al. 1992, Watanabe and Yamada 1996) and matrix metalloproteinase (MMPs) (Graham et al. 1991 , McGeehan et al. 1992 ), a zinc enzyme from soybean leaves, also showed SDS-stimulation of activity.
Because SDS is a strong denaturant, it is interesting to investigate how such proteases have proteolytic activities in the presence of SDS. The mechanism for the stimulation of the proteolytic activity by SDS has not been elucidated, except for MMPs (Springman et al. 1990 ) and proteasome (Tanaka et al. 1989) . It is, however, usually presumed that the stimulation is caused by a conformational change in the substrate proteins, resulting in an increase in the susceptibility of substrate proteins to proteases under the denaturing conditions (Thayer and Huffaker 1984 , Bhalla and Dalling 1986 , Mae et al. 1989 , Otto and Feierabend 1994 . In these reports, it appeared that SDS is just an accelerator for the basal activity but is not indispensable for the expression of the proteolytic activity in vitro, because a low but significant activity exists even in the absence of SDS. It is, however, difficult to determine whether the effect of SDS involves denaturation of substrate or activation of the protease, because these proteases have not been completely purified. This paper reports the purification from maize leaves of a novel type of SDS-dependent protease to homogeneity. The protease was activated only by SDS in vitro. Other properties of the protease such as its sensitivity to inhibitors, pH optimum, and in particular, its response to SDS are described.
Materials and Methods

Purification of protease from maize leaves
Plant materials-Maize plants {Zea mays L. cv. Honey bantam) were cultivated in the field of our Institute, and mature leaves were harvested just before flowering. The leaves were stored at -80°C until use.
Preparation of crude extract-The frozen leaves were broken into small pieces and homogenized with a Waring blender in cold 50 mM HEPES-NaOH (pH 7.3) containing 2 mM MgCl 2 (3.4 volumes to the fresh weight of leaves). The homogenate was squeezed through eight layers of gauze, and the filtrate was centrifuged at 187,000 x g for 1 h. The supernatant was used as the crude extract.
DEAE-Toyopearl chromatography-The crude extract was dialyzed against 50 mM Tris-HCl (pH 7.8), and the dialyzed enzyme was applied to a DEAE-Toyopearl column (Tosoh Co., Japan) (5.0 x 11 cm) equilibrated with the same buffer. The column was washed with 50 mM Tris-HCl (pH 7.8) containing 100 mM NaCl until the absorbance at 280 nm returned to the base line, and the adsorbed proteins were eluted with 1,000 ml of a linear gradient of 100-500 mM NaCl in 50 mM Tris-HCl (pH 7.8). The active fractions were collected.
Ultrafiltration-The combined active fraction from the DEAE-Toyopearl chromatography was ultrafiltered through XM50 (Amicon Co., U.S.A.) to remove proteins which had molecular masses lower than 50 kDa and to concentrate the active fraction.
Gel permeation chromatography (GPC)-The active fraction (15 ml) from the ultrafiltration was applied to a Toyopearl HW-55 (Tosoh Co., Japan) column (3.2x47 cm) equilibrated with 50 mM Tris-HCl (pH 7.8) containing 200 mM NaCl. The elution was carried out with the same buffer, and the active fractions were collected.
Immunoaffinity chromatography with the IgG monoclonals -MAb (IgG,) (described below) was fully adsorbed to Protein G PLUS/Protein A-Agarose suspension (600 fA) (Oncogene Science, U.S.A.) and coupled on the Agarose with 600 mM pimelidic acid dimethyl ester dihydrochloride (3 ml) (Tokyokasei-kougyo, Japan) (Davies and Kaplan 1972, Schneider et al. 1972) . The excess of the cross-linking reagent was removed by washing with 0.2 M 2-aminoethanol, and the residual active functional groups were inactivated by incubation with 2-aminoethanol for 2 h. The fraction of GPC was applied to the MAb-Protein G PLUS/Protein AAgarose column equilibrated with phosphate buffer saline (PBS) containing 0.1% Tween 20, and the column was washed with the same buffer at 100-fold column volume and subsequently with 130 mM NaCl in 50 mM Tris-HCl (pH 7.8) containing 12.5% glycerol at 50-fold column volume. The washed resin was incubated with 100 mM leupeptin, and subsequently the protease was eluted by boiling with SDS/sample buffer (/?-mercaptoehanol minus) (4.5% (w/v) SDS, 10% (v/v) glycerol in 0.1 M Tris-HCl (pH 6.8)) (Ausubel et al. 1994) for 5 min after assay of the proteolytic activity. The eluted supernatant was analyzed on SDS-PAGE after boiling with 10% (v/v) P-ME.
Preparation of the antigen for immunization-The active fraction from GPC was concentrated by ultrafiltration as described above. PAGE of the concentrated enzyme was carried out in 4.2-20% acrylamide slab gels at pH 8.3 by the method of Davis (1964) . The enzyme was electrophoresed in two adjacent lanes of the gel. One lane was used for silver-staining and the other for the preparation of the protease. In the preliminary experiments, the location of the protease band was determined directly by checking the proteolytic activity of the proteins separated on the native gradient PAGE (see Results). A single band of protease was cut out and homogenized, and the enzyme was extracted with 50 mM Tris-HCl (pH 7.8), which was used as an antigen for immunization to mice.
Monoclonal antibodies (MAbs)-The preparation of hybridomas producing MAbs was performed according to the standard techniques (Ozawa et al. 1992, Malik and Lillehoj 1994) . A mouse was immunized with the protease (50 fig, total amount per mouse) purified by native gradient PAGE. Female BALB/c mice (4 weeks old) (Nihon Seibutu Zairyou Center Co., Japan) were used. Each mouse was given four intravenous injections of the protease (10 fig) purified by native gradient PAGE at 3-d intervals, and 10-d later last injection of the same amount of the protease was performed. The spleen cells were obtained 3 d after the last injection and fused with a mouse myeloma cell line (PAI). PAI (BALB/c mouse-derived myeloma) was provided by the Tokyo Metropolitan Institute of Medical Science, Japan.
The hybridoma fusions were screened by their antibody-trapped proteolytic activity. Thus, the existence of antibody in the supernatant of hybridoma cells was detected by the SDS-dependent proteolytic activity immunosorbed to the antibodies on a multiple well plate (Corning, U.S.A.). The positive hybrid was cloned by limiting dilution. The isotype of the antibody produced by the hybridoma was determined by a mouse monoclonal antibody kit (Amersham, U.K.).
Proteolytic activity-Proteolytic activity was assayed either by measurement of the degradation of the Rubisco large subunit (LSU) or the hydrolysis of synthesized oligopeptides. In the assay of the measurement of LSU degradation, the assay mixture (total volume, 45 //I) containing the enzyme solution (12.5 ft\), 0.5% SDS, 100 mM sodium citrate (pH 5.0), 6% (w/v) sucrose, and 9.6 fi% of Rubisco (from spinach leaves, Sigma, U.S.A.), was incubated at 35°C for 60 min. In some cases, proteinous substrates such as Rubisco and BSA were boiled for 5 min in 4.3% Softes (LION Co., Tokyo, Japan) before assay (see Table 2 ). The reaction was stopped by boiling for 5 min after the addition of SDS to a concentration of 2% and /3-ME to 5%. An aliquot was subjected to SDS-PAGE (Laemmli 1970) , and the gels were stained with Coomassie Brilliant Blue R-250. Control experiments were carried out without the enzyme. The amounts of LSU on stained gels were quantified by a densitometer (device: The Discovery Series™, pdi, U.S.A.; software: Quantity One Ver.2.4, pdi, U.S.A.). The activity was defined as the percentage of the degradation of LSU.
The hydrolysis of the synthesized oligopeptides, tert-butoxycarbonyl-Val-Leu-Lys-4-methylcoumaryl-7-amide (Boc-Val-LeuLys-MCA), succinyl-Ala-Glu-MCA (Suc-Ala-Glu-MCA), and Suc-Ala-Pro-Ala-MCA, was evaluated by measuring the amount of liberated 7-amino-4-methylcoumarin (AMC). The standard assay was carried out by the incubation of a reaction mixture (450 fi\) containing enzyme solution (10/il), 200fiM oligopeptides, 0.1% SDS, and 100 mM citrate buffer (pH 5.0) at 35°C for 60 min. The liberated AMC was determined fluorometrically (excitation at 380 nm and emission at 460 nm) after adding 10 mM leupeptin to stop the reaction. One unit of activity was defined as the amount of enzyme that liberates 1 ftmo\ of AMC per min.
Protein assay-Protein concentrations were determined by the method of Bradford (1976) with the dye reagent (Bio-Rad Laboratories, U.S.A.) using bovine serum albumin as the standard.
Immunodot blot analysis-The protease (-0.5//g) purified by native gradient PAGE was boiled in the same volume of SDS/ sample buffer (4.5% SDS, 10%0-ME, 10% glycerol in 0.1 MTris-HC1, pH 6.8) (SDS-denatured) or not treated (native). The protease was blotted onto a nitrocellulose membrane (Schleicher & Schuell, Germany). The protein was detected using peroxidaseconjugated anti-mouse IgG as a secondary antibody and a Konica HRP-1000 immunostain kit (Konica, Japan).
Results
Purification of SDS-dependent protease from maize leaves-The protease which was activated by SDS was purified from mature maize leaves by several chromatographic procedures, including an immunoaffinity chromatography prepared by a monoclonal antibody (MAb), as summarized in Table 1 . The purification led to a 1,400-fold increase by the immunoafnnity chromatography prepared by MAb raised against the purified protease by native gradient PAGE ( Fig. 1, see below) . The recovery of the activity was 0.157% after the immunoafnnity chromatography. About 10 fig of the purified protease was obtained from 2.5 kg of maize leaves.
On the native gradient PAGE for the preparation of the antigen, only the 179-kDa band in Fig. 1 showed SDSdependent proteolytic activity for Rubisco and an oligopeptide (Boc-Val-Leu-Lys-MCA) by direct measurement after extraction from the gels. However, it was quite difficult to identify the band of the protease on SDS-PAGE, because several bands appeared in a highly smeared background, even when samples pre-treated with various protease inhibitors was subjected to SDS-PAGE to inhibit hydrolysis of proteins including the protease (data not shown, see Discussion). Therefore, the protease was further purified by means of immunoafnnity chromatography using MAb prepared as follows: mice were immunized with the protease isolated by the native gradient PAGE (Fig. 1 , right lane), hybridomas were prepared, and cell lines producing MAb by which SDS-dependent proteolytic activity was arrested were screened. Two positive hybridomas were obtained from 2,000 hybridomas and one hybridoma clone was established. Then, using the MAb, an immunoafrinity column was prepared. The partially purified protease by GPC was applied to the immunoaffinity column. Even after ex- Native gradient PAGE of partially purified protease used as an antigen. The protease was electrophoresed in 4.2-20% acrylamide linear gradient large slab gel under nondenaturing conditions at 20 mA for 7 h at 8°C. Shown are the protease after gel permeation chromatography (GPC) and the protease purified by native gradient PAGE (Native). The molecular marker proteins used were thyroglobulin (669 kDa, hog thyroid), ferritin (440 kDa, horse spleen), catalase (232 kDa, beef liver), lactate dehydrogenase (140 kDa, beef heart), and albumin (67 kDa, bovine serum).
haustive washing, the resin itself retained the proteolytic activity for synthesized oligopeptide, indicating that the protease was trapped on the resin. The protease was eluted from the resin (300/il) by boiling with SDS/sample buffer OS-ME minus) after treatment with 100 mM leupeptin to inhibit autolysis of the protease. Since the binding of the activity was very strong, other methods for elution (salts, detergent, etc.) were not successful. As shown in Fig. 2 , when the protease which had been eluted and boiled with 10% 0-ME was applied to SDS-PAGE, five bands, including two bands containing light and heavy IgG-chains were observed Aliquots of the various fractions obtained during purification were assayed for activity and protein content as described under Materials and Methods. One activity unit corresponds to 1 fimo\ of oligopeptide hydrolyzed per min.° A quarter of the activity obtained by GPC was applied. * The amount of the protein was estimated by comparison with that of a marker protein on SDS-PAGE. c Since the protein was eluted by boiling with SDS/sample buffer, the activity retained on immunoaffinity column just before elution is indicated. The enzyme purified by native gradient PAGE was used in this experiment. The reaction was carried out using 150 ng of the purified enzyme. The substrate (9.6 fig of Rubisco) was incubated in the presence of SDS (0.5%) with no enzyme (S, control), the purified enzyme (E), the enzyme treated by boiling for 3 min (EB), the enzyme treated with 100 nM E-64 (El), and the enzyme in the absence of SDS (EN). The degraded substrates were analyzed by SDS-PAGE. The gel was stained with Coomassie Brilliant Blue R-250. LSU and SSU represent the large and small subunit of Rubisco, respectively.
on SDS-PAGE. The result indicates that the other three bands at 40, 15, and 13 kDa correspond to polypeptides of the protease. When the protease was eluted by guanidine hydrochloride (GuHCl), the eluted fraction showed no activity. However, the activity of the eluted protease was effectively restored towards Rubisco as well as the oligopeptide after renaturation by dialysis against the buffer without GuHCl. The recovery of the activity by the renaturation was 26% of the adsorbed activity on the resin. The GuHCleluted protease also showed the same band pattern on SDS-PAGE as that eluted by SDS/boiling. Substrate specificity and pH optimum- Table 2 shows that Rubisco was more efficiently hydrolyzed than other plant or animal proteins, indicating that Rubisco was a good substrate for the protease. Among the synthesized oligopeptides tested, only Boc-Val-Leu-Lys-MCA was digested by the SDS-dependent protease, suggesting the presence of digestion specificity for the amino acid residue. Further investigation is needed to identify this specificity. The large subunit of Rubisco was initially degraded to 43-, 33-and 27-kDa polypeptides, and then these bands disappeared, but the small subunit of Rubisco was not sensitive to this protease (Fig. 3) . These results indicate that multiple susceptible sites are present in the peptide of Rubisco. Fig. 4 shows that the optimal pH was around 4.9 with a narrow active range.
Properties of monoclonal antibody (MAb) against the SDS-dependent protease-We established one hybridoma clone producing a MAb specific for the SDS-dependent protease. The oligopeptide-digesting activity was trapped as sedimented MAb-protease complexes on Protein G PLUS/ Protein A-Agarose (Fig. 5A ), and the complex had the digesting activity. Therefore, the MAb recognized an epitope other than the active site. The MAb-purified protease also had a high activity towards Rubisco, supporting the hypothesis that these two activities were due to the same enzyme. The MAb bound to the native form, but not to the denatured form, of the protease (Fig. 5B) . The MAb was of IgG,(k) isotype.
Effects of detergents and compounds on the proteolytic activity-The effects of various detergents and compounds on the proteolytic activity are shown in Table 3 , which indicates that SDS is specifically effective for activation of the protease. None of the other ionic and nonionic detergents tested could replace SDS. Furthermore, fatty acids such as sodium oleate and decanoic acid, poly-Llysine, and ATP had no effect on the proteolytic activity. It has been reported that one of the SDS-activated proteases, proteasome, was stimulated by these compounds (Ozaki et al. 1992, Watanabe and Yamada 1996) , so the protease in this study clearly differs from the proteasome.
Effect of SDS and fi-ME on the proteolytic activity- Control Native Denatured Respective resins were incubated with the enzyme (150 ng, 100//I) which had been purified by native gradient PAGE at 8°C for 2.5 h. The supernatants were obtained by centrifugation of the incubation mixtures at 100 x g for 2 min, and the activity of the supernatants (10 ftl) was assayed by incubation with 190 fil of Boc-Val-Leu-Lys-MCA (200 fiM) in the presence of 0. \% SDS for 1 h, as described in Materials and Methods. Shown are the absorption spectra of the liberated AMC in the supernatant obtained after the incubation with the mouse IgG resin complex (+MAb) or the control resin (Control). B, Recognition of monoclonal antibody to native protease on immunodot blot analysis. The protease (-0.5 //g) purified by native gradient PAGE was boiled with the same volume of SDS/sample buffer (Denatured) or not treated (Native), and the proteins were blotted onto a nitrocellulose membrane (Schleicher and Schuell, Germany). As a control, the SDS/sample buffer was blotted (Control). The protein detection was performed as described in Materials and Methods. 
All detergents were added to the assay mixture at a concentration which was twice their critical micelle concentration. The concentrations of compounds other than detergents are shown in parentheses. Other conditions are described in Materials and Methods. " including lauryldimethylamine oxide and sodium polyoxyethylene laurylether sulfate, purchased from LION Co. (Japan). * /7-/ert-octylphenyl ethoxylates. Fig. 6 shows that the protease had no activity in the absence of SDS. The proteolytic activity towards Rubisco appeared and markedly increased with increases in the concentration of SDS, reached a maximum at 0.4%, and decreased gradually above 0.4%. Similarly, the protease hydrolyzed the oligopeptide only in the presence of SDS (Fig. 7) . These results show that the protease itself requires SDS for the activation but not for the denaturation of substrates. The proteolytic activity was enhanced by /?-ME in the presence of 0.5% SDS but not in the absence of SDS ( Fig. 8) . Thus, SDS could not be replaced by /?-ME. At the optimal concentration of 1% in the presence of 0.5% SDS, the activity was enhanced 1.5-fold. Effect of inhibitors on the proteolytic activity-The proteolytic activity was inhibited by specific inhibitors of SH-protease such as E-64, leupeptin, and antipain in the range between 10 and 100 nM ( Table 4 ). The activity was also inhibited by ./V-ethylmaleimide or iodoacetamide, although they were less effective. On the other hand, phenyl- methanesulfonyl fluoride (PMSF), an inhibitor of serine protease, inhibited at a much higher concentration than those of E-64, leupeptin and antipain. EDTA, an inhibitor of metalloprotease, had no inhibitory effect. These results, as well as the stimulation by thiols such as /?-ME, indicate that the protease is an SH-protease.
Effect of metal ions on the proteolytic activity-Hg ion strongly inhibited the proteolytic activity at nanomolar levels (100 nM, 51% inhibition). Zinc ion also inhibited it. The activity was suppressed to 52% at 1 mM and 0% at 10 mM, but other bivalent metal ions (Cu 2+ , Mg 2+ and Ca 2+ ) had no effect even at 10 mM. The inhibitory effects of Hg and Zn ions support the argument that the protease is an SH-protease.
Discussion
Purification-In the present study, a novel type of protease which was specifically activated by SDS was purified to a homogeneous state from maize leaves. The specific requirement for SDS is an unusual feature. In terms of this specific requirement, this protease can be completely distinguished from other SDS-enhanced proteases reported so far (Thayer and Huffaker 1984 , Nettleton et al. 1985 , Bhalla and Dalling 1986 , Mae et al. 1989 , Graham et al. 1991 , Ozaki et al. 1992 , Otto and Feierabend 1994 . Most of these proteases, however, have not been completely purified, so it is possible that their proteolytic activity was assayed as total activity containing the SDS-dependent and SDSindependent activities in the presence of SDS. Our result showed that the present protease was composed of three different subunits. This characteristic has been previously described only for proteasome (Ozaki et al. 1992) and MMPs (Graham et al. 1991) . However, unlike the proteasome, whose active site is considered to be a threonine residue in P subunit (Seemuller et al. 1995) , and MMPs, this protease is classified as an SH-protease like other SDSstimulated proteases reported so far.
Specific activity did not increase with the earlier steps of purification. However, these steps were very effective in removing compounds such as lipids, degraded pigments, and polyphenols. It was possible that the proteolytic activity in earlier purification steps reflected the total activity of SDS-dependent, -stimulated or -resistant activity towards Rubisco in maize.
A single band with SDS-dependent activity could be identified on native gradient PAGE. This band, however, included several bands with a smeared background on SDS-PAGE despite pre-treatment with several protease inhibitors, such as leupeptin or E-64, to inhibit autolysis of the protease and despite boiling the enzyme before the electrophoresis. At this step, it was difficult to identify which of the bands was the protease. Therefore, the following strategy was employed: based on the fact that the single band identified on native gradient PAGE had SDS-dependent activity, an MAb against the activity was prepared. Subsequently, by means of an immunoaffinity chromatography with this MAb, the protease was purified. An assay system using an oligopeptide instead of Rubisco as a substrate enabled us to use this strategy because of the convenience and high sensitivity of this assay system, especially in the screening of the positive hybridomas. Moreover, since the MAb obtained was of the IgG] isotype, not the IgM isotype, it was easier to concentrate (or purify) it with Protein A/G. The immunoaffinity chromatography was quite effective in purifying and identifying of the SDS-dependent protease. To elute the bound proteolytic activity from the resin, no conditions other than SDS/boiling or 5 M GuHCl were effective. Furthermore, the immunoaffinity chromatography increased the specific activity of the protease more than 1,400-fold. These results indicate that binding of the MAb to the protease is strong and highly specific, therefore, it is probable that all of three peptides are components of the protease. However, it is difficult to determine whether all of the peptides are essential for the proteolytic activity. We have reported that a 55-kDa protein cut from SDS-PAGE showed the proteolytic activity (Yamada et al. 1995) , although the protein band was faint on SDS-PAGE. It is possible that this previously reported protease is an intermediate complex composed of two subunits (40+15 or 40+13 kDa peptide) of this protease, and that the 40-kDa subunit may include the proteolytic activity.
The subunit structure is a unique feature of this protease. It is widely known that many proteases are composed of a single peptide; there are a few exceptions like proteasome (Tanaka et al. 1986 , Ozaki et al. 1992 . Therefore, cloning of the gene is important for further analysis of this protein.
Mechanism for activation-Examining how SDS induces the proteolytic activity in vitro has been informative. Many tested detergents other than SDS and heat-denaturation of Rubisco showed no effect on the activation. Furthermore, a synthesized tripeptide was also digested only in the presence of SDS. Therefore, it is obvious that denaturation of the substrate by SDS is not essential for the activation. The protease required a higher concentration of SDS for the degradation of Rubisco than of oligopeptide, presumably because a higher concentration of SDS is required for increasing the susceptibility of Rubisco to the enzyme. The protease required a high concentration of SDS, at which most proteins are denatured. This result suggests that the active site exists within the folded protease molecule, and becomes accessible to substrates by exposure to SDS at weak acidic (optimum) pH. We speculate that this SDS activation of the latent protease results from a conformational change to an active form. Alternatively, SDS activation could be the result of dissociation of a latent complex to an active subunit. This protease resembles proteasome (Tanaka et al. 1986 , Ozaki et al. 1992 or MMPs (BirkedalHansen and Taylor 1982, Springman et al. 1990 ) in respect to the SDS-derived activation of its latent form. However, the critical difference between these proteases and the protease in this study is that the latter absolutely required SDS for activation in vitro. MMPs have a zinc atom which is essential for activity and show maximal activity in the presence of millimolar levels of calcium ion. In contrast, the protease in this study was inhibited by zinc ion, and calcium ion had no effect. Thus, the regulation of activation of this protease differs from that of the MMPs reported as cysteine switch (Springman et al. 1990 ), which are composed of a disruptable zinc-cysteine complex.
/?-ME was not essential for the proteolytic activity, because it enhanced the activity only in the presence of SDS. This result indicates that /?-ME stimulates the activity additionally after the conformational change induced by SDS. Since an endogenous factor (or factors) other than SDS probably induces the proteolytic activity in vivo, the finding of such factor(s) will be important in elucidating the mechanism of the activation of the protease.
Physiological role-We purified the SDS-dependent protease by assaying its proteolytic effects on Rubisco. However, it is unclear whether the protease degrades Rubisco in vivo. The search for in vivo substrate(s) will reveal the physiological role of the protease. Rubisco was more susceptible to degradation than other plant proteins tested, suggesting that it is one possible substrate of the protease in vivo. Since it is difficult to determine what the in vivo substrate(s) are, another approach to elucidating its physiological role will be to localize of the protease in maize leaves. It is possible that the protease functions in the vacuole; the optimal proteolytic activity was in the acidic region, although the mechanism(s) by which vacuole enzymes participate in the turnover of cytoplasmic macromolecules are unclear. We are investigating the localization and activity changes during various physiological events (e.g. senescence) using our MAb against the protease.
